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Abstract 

Background: Endotoxin is a major process‑related impurity that can act as a strong immunostimulant leading to 
fever and hypotensive shock. Thus, the US FDA and international quality standards strictly direct the biologics manu‑
facturers to control the endotoxin contamination during the purification process. In this work, a developed method 
for biologics purification from acquired endotoxin contamination is introduced. This is accomplished by the prepara‑
tion of dextran‑coated magnetic nanoparticles using a facile rapid co‑precipitation method.

Results: The resulting magnetic nanoparticles (MNPs) are characterized by dynamic light scattering, transmission 
electron microscope, Fourier transform infrared spectroscopy, X‑ray diffraction, and vibrating sample magnetom‑
etry. The dextran‑coated magnetic nanoparticles are further coupled to either polymyxin B or histidine to provide 
a positively charged ligand which enhances the affinity to the negatively charged endotoxin. Both ligands‑coupled 
MNPs are tested for purification efficiency using the chromogenic kinetic assay. The method conditions are optimized 
using a two‑level factorial design to achieve best purification conditions of the contaminated biologics and indicated 
endotoxin removal percentage 85.12% and maximum adsorption capacity of 38.5 mg/g, for histidine‑coupled MNPs.

Conclusions: This developed method is introduced to serve biologics manufacturers to improve their manufacturing 
processes through providing a simple purifying tool for biologics from acquired endotoxin contamination.
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1  Background
Endotoxins are one of the most challenging impurities 
requiring separation in biologics purification processes. 
They arise from the outer cell membrane of Gram-neg-
ative bacteria that are widely used in biologics manufac-
turing [1, 2]. The Gram-negative bacteria could be used 
in biological manufacturing processes as a raw material 
as, for example, in the interferon manufacturing process, 
the E. coli works as a host cell which remnant displays a 
source of endotoxin [3]; also, there are types of vaccines, 
for example, the meningococcal polysaccharide vac-
cine that depends on the extraction of the immunogenic 
part from the cell wall of the gram-negative bacteria N. 
meningitides which remnant also introduces endotoxin 
as contaminant [4]. Endotoxins are lipopolysaccharides 
made up of three different parts: the O-specific chain, 
the core region, and the lipid A. The lipid A region is 
ordinarily composed of two glucosamine units with 
attached fatty acids [5]. The phosphorylated glucosa-
mines give endotoxins a net negative charge [6]. Lipid A 
is hence an amphiphilic glycolipid that has the capacity 
to acquire different physical structures under different 
temperature or pH conditions. It represents the single 
region of endotoxin recognized by the immune system 
[5, 7]. According to the US FDA, the maximum accept-
able endotoxin levels in intravenous drugs or biologics 
were 5.0 endotoxin units per kilogram of body weight 
that can be administered to a patient per hour [8]. This 
regulation obliges pharmaceutical/biologics companies 
to follow and control their intravenously administered 
drugs for bacterial endotoxin/pyrogen contaminations 
[9]. As long as endotoxin contamination should be con-
trolled and regularly monitored along the manufacturing 
process, most users rely on the conventional endotoxin 
detection methods such as the rabbit pyrogen test (RPT) 
[5] and the limulus amebocyte lysate assay (LAL) for 
regular monitoring. Pharmaceutical/biological manufac-
turers tend to use more sensitive and accurate endotoxin 

detection methods and shift away from using living test 
subjects, that’s why rabbit pyrogen test is only applied 
now in the early development stages of pharmaceutical/
biological products beyond which LAL assay is favored 
[8]. Different methods of the LAL assay are available: the 
gel-clot assay, the chromogenic substrate method, and 
the turbidimetric method [10]. An advancement of the 
LAL detection method was applied with the discovery 
of zymogen factor C, which is used in the chromogenic 
method with more accuracy and sensitivity (0.005 EU/
mL) than the older gel-clot assay (0.03 EU/mL) [5, 11]. 
Furthermore, chromogenic substrates can be adapted 
to assess endotoxin adherent to a biomaterial, result-
ing in the determination of endotoxin contamination in 
terms of equivalent endotoxin units/mL (using the cali-
bration curve from standard solutions) [11]. The up-to-
date research tends to transform endotoxin detection 
from conventional methods to newly developed methods 
such as biosensors, recombinant factor C assay, mono-
cyte activation test, and surface plasmon resonance, to 
overcome the problems associated with the LAL-based 
method as false-negative and false-positive results [12]. 
Moreover, numerous analytical techniques have been 
adopted for the purification of biologics from acquired 
endotoxin, including ultrafiltration, size exclusion chro-
matography, affinity chromatography, and adsorption on 
anion exchange chromatography [9, 13]. However, ultra-
filtration is suitable to separate endotoxins only from 
small target therapeutic drug molecules, which is not 
generally applicable for biologics [8]. Size exclusion chro-
matography has a limited capacity and selectivity. Affinity 
chromatography consumes high time and has a low yield 
[14]. Moreover, anion exchange chromatography owes 
expensive and complex procedures [15]. Various affinity 
ligands showed good specificity for endotoxin binding, 
such as polymyxin B (PMB) and histidine (HIS) [16, 17]. 
Both PMB and HIS have potential removal of endotoxin 
from various proteins with high recovery percentage [1]. 
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Recently, iron oxide nanoparticles have attracted much 
consideration due to their unique characteristics, such 
as superparamagnetism, higher surface area, surface-to-
volume ratio, and simple separation methodology [18, 
19]. The stabilization of the iron oxide particles is impor-
tant to obtain magnetic colloidal ferrofluids that are sta-
ble against aggregation in both a biological medium and 
a magnetic field. Dextran has been used often as a poly-
mer coating for MNPs mainly because of its biocompat-
ibility [19], moreover acting as a surfactant creating steric 
repulsive forces enhancing particle stabilization [20].

The aim of the current study is to synthesize, charac-
terize, and evaluate dextran-coated MNPs coupled to 
PMB and HIS. The prepared MNPs are characterized by 
dynamic light scattering (DLS), transmission electron 
microscope (TEM), Fourier transform infrared spectros-
copy (FTIR), X-ray diffraction (XRD), and vibrating sam-
ple magnetometry (VSM). Furthermore, the prepared 
MNPs are evaluated for the endotoxin removal ability by 
the chromogenic kinetic assay and their adsorptive kinet-
ics and adsorption isotherm were studied as well.

2  Methods
2.1  Chemicals and reagents
Endosafe® LAL cartridges and Endosafe Water for LAL 
(WFL) were purchased from Charles River (USA). LPS 
derived from E.  coli serotype (O55:B5) was purchased 
from Sigma (USA). All used chemicals such as ferrous 
chloride tetrahydrate (FeCl2.4H2O), ferric chloride 
hexahydrate (FeCl3.6H2O), dextran 40-T, polymyxin B 
sulfate, L-histidine, 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC), and sulfo-N-hydrox-
ysulfosuccinimide (S-NHS) were of analytical grade and 
purchased from Sigma (USA).

2.2  Preparation and optimization of dextran‑coated MNPs
Dextran-coated MNPs (DC-MNPs) were prepared via 
employing chemical co-precipitation methods [21–
28]. This is accomplished through dissolving 0.64  g 
 FeCl2·4H2O and 1.51  g  FeCl3·6H2O (molarity 1:2) in 
10 mL of sonicated water for LAL (WFL) and then mixed 
with 10  mL of 50% w/v dextran solution. The pH was 
adjusted to 9.0 by adding 28% ammonia solution during 
shaking; the produced blackish-brown mixture was incu-
bated at 85 °C for 15 min with shaking. After incubation, 
the solution was centrifuged for three cycles at 7000 rpm, 
each cycle 5  min except the last one 20  min, and the 
supernatant containing the MNPs was preserved. The 
prepared MNPs were dried at 90 °C for 6 h. The prepara-
tion conditions were optimized through the application 
of a two-level fractional factorial design with one center 
point using Minitab 2010. The optimized factors were the 
molarity of iron salts, the weight ratio of dextran, pH of 

preparation, concentration of ammonia solution, heating 
temperature, and time of heating. Dynamic light scat-
tering (DLS) was used in estimating the average hydro-
dynamic diameter of the coupled MNPs and their size 
distribution in terms of polydispersity index (PDI).

Coupling of the ligand, either PMB or HIS, was accom-
plished according to the modified protocol [29], through 
dispersing the MNPs powder in the activation phos-
phate buffer at pH 6.0. Then, 50 mg/ml EDC solution and 
50  mg/ml S-NHS solution were added to the activated 
MNPs. After that, MNPs were sonicated, kept in the dark 
for 20 min, and centrifuged at 14,000 rpm for 6 min. The 
precipitate was redispersed in phosphate-buffered saline 
(PBS) solution, mixed well, and sonicated. The ligand 
solution of equal volume was added to the MNPs solu-
tion and kept in the dark for 2 h with mild shaking. The 
coupled MNPs were separated by centrifugation, then 
washed several times by WFL, and kept in PBS solution.

2.3  Characterization of the prepared MNPs
The MNPs were characterized using TEM, VSM, XRD, 
and DLS, while the effective coupling of the ligand was 
confirmed through FTIR.

2.3.1  Transmission electron microscope (TEM)
TEM images of MNPs were obtained using JEOL 2100 
transmission electron microscope. A field emission 
source was operated at 160  kV. Nanoparticles were 
deposited on a copper-grid-supported holey carbon foil 
and left to dry in air and then examined.

2.3.2  X‑ray diffraction (XRD)
XRD measurements were performed in a Rigaku model 
Geigerflex apparatus using Cukα radiation from 10 to 70° 
(2θ) at a scan rate of 4°  min−1.

2.3.3  Magnetization measurements
The magnetization curves of MNPs were attained at 
room temperature with a Princeton EG and G Applied 
Research vibrating sample magnetometer (VSM).

2.3.4  Dynamic light scattering (DLS)
DLS was performed to determine the hydrodynamic size, 
size distribution, and zeta potential of MNPs. The meas-
urements were performed on a Zetasizer Nano-ZS ZEN 
3600 (Malvern Instruments Ltd.). The analysis of Brown-
ian motion offers a powerful tool to measure the diameter 
of the prepared MNPs and diffusion coefficient through 
the autocorrelation function. For potential measurement, 
a combination of laser Doppler velocimetry and phase 
analysis light scattering was used in measuring particle 
electrophoretic mobility. All measurements were carried 
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out under equilibrium conditions. Measured samples 
were diluted in WFI to neutral pH at room temperature.

2.3.5  Fourier transform infrared spectroscopy (FTIR)
To study the effectiveness of coating and coupling of the 
MNPs, FTIR analysis of the samples was performed by 
compacting the samples to form a tablet using KBr as the 
matrix and the samples were analyzed in the transmission 
mode. The spectra were detected over a range of 4000–
500   cm−1 and recorded by JASCO 1600, PerkinElmer 
Spectrum GX, and Bruker mobile IR Spectrometer.

2.4  Adsorption of control bacterial endotoxin 
on ligand‑coupled MNPs and optimization 
of the experimental design

The ligand-coupled MNPs were incubated with the con-
trol bacterial endotoxin (CBE) solution after mixing and 
sonication. The solution was centrifuged at 14,000  rpm 
for 6  min, and the supernatant was kept. The bacterial 
endotoxin (BE) content of the CBE was determined by 
chromogenic kinetic assay using a multi-cartridge system 
(MCS), which provides endotoxin test results for up to 
five samples in about 15 min. The efficiency of purifica-
tion removal of endotoxin was calculated using the fol-
lowing equation:

where E is the removal efficiency, C0 and C are the con-
centrations of endotoxin in the initial solution and in the 
supernatant after adsorption, respectively.

The adsorption conditions were optimized through the 
application of a two-level fractional factorial design with 
one center point using Minitab ver. 16.1.1, 2010.

The optimized factors were ligand type, ligand concen-
tration, BE concentration, pH range of incubation, the 
temperature of incubation, and time of incubation.

2.5  Chromogenic kinetic assay
The control bacterial endotoxin (CBE) was prepared by 
reconstitution of the LPS with water for LAL (WFL) to 
have a concentration of 10 ×  106 EU/mL of CBE which 
was diluted as required by WFL. The tested samples were 
diluted by WFL as required. Kinetic chromogenic LAL 
reagent is used in a pre-calibrated, single-use, Endos-
afe® LAL test cartridge; the tested solution was added to 
each channel of the test cartridge of the Endosafe multi-
cartridge system (MCS, Charles River) according to the 
instructions of the device manual. The device’s inter-
nal pump moves the sample along the channels’ reagent 
stations for mixing and then into the optical cells of the 
cartridge to be read kinetically. Measurements of the 
endotoxin content of the prepared CBE and samples were 
done through the chromogenic kinetic method using 

E = ((C0−C)÷ C0)× 100

multi-cartridge system [10]. The endotoxin level of each 
sample was measured before and after exposure to the 
adsorption experiment.

2.6  Kinetics of adsorption
A kinetic study was performed by incubation of 0.1  mg 
of CBE with 0.05 g of both types of ligand-coupled MNPs 
for different time intervals (5–105) min. After each time 
interval, the concentration of residual endotoxin in 
solution was determined and the amount of endotoxin 
adsorbed at each time interval (qt, mg   g−1) was plotted 
against time (t, min) for kinetic study. Four kinetic mod-
els were explored including pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle diffusion model 
to investigate the adsorption kinetics and adsorption 
mechanism in correlation with the experimental param-
eters [30, 31].

The linearized kinetics equations were presented as 
follows:

Pseudo-first-order kinetics or Lagergren model

Pseudo-second-order kinetics or Ho and McKay model

Elovich kinetic equation

Intraparticle diffusion kinetic model

where Qe and Qt (mg/g) denote the endotoxin adsorption 
capacity at equilibrium and at time t (min), respectively; 
K1 is the rate constant of pseudo-first-order adsorption 
 (min−1); K2 is the rate constant of pseudo-second-order 
model adsorption (mg. (mg min)−1); β is the Elovich 
constant related to the surface coverage (g   mg−1); and 
Kp is an intraparticle diffusion rate constant (mg. (1/mg. 
 min−0.5)).

The equilibrium capacity of adsorption (Qe expt.) was 
calculated using the mass balance equation QT = (C0 − Ct) 
× (V/m), where C0 and Ct (mg/mL) are the initial and 
final endotoxin concentrations, respectively, V (mL) 
is the volume of the solution, and m (g) is the mass of 
adsorbent. When t is equal to the equilibrium time, that 
is, Ct = Ce,

Qt = Qe, then Qe can be calculated using the same equa-
tion as given above [32].

log(Qe − Qt) = logQe −
k1

2.303
t

t

Qt
=

1

K2 · Q2
e

+
1

Qe
t

Qt =
1

β
ln(αβ)+

1

β
ln t

qt = kp · t
1/2

+ C
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2.7  Adsorption isotherm
Equilibrium isotherm studies were carried out with dif-
ferent initial concentrations of adsorbent (histidine and 
PMB) 0.05, 0.28, and 0.5  mg at 25  °C and pH 6.5 for 
initial CBE concentration of 0.1 mg/ml and incubation 
time 30 min.

The equilibrium adsorption data were analyzed using 
two different models:

Langmuir, with linearized equation:

Freundlich, with linearized equation:

where Ce is the equilibrium concentration of endo-
toxin in the solution (mg/ml), qe is the amount of endo-
toxin adsorbed per unit mass of adsorbent (mg/g), b the 
Langmuir equilibrium constant (mL/mg) and related to 
energy of adsorption. Q0 signifies the maximum adsorp-
tion capacity (mg/g), which depends on the number 
of adsorption sites; Kf (mg  1–1/n   mL1/n   g−1) and 1/n are 
Freundlich constants depending on the temperature 
and the given adsorbent adsorbate couple. n is related to 

qc =
Q0 bCe

(1+ bCe)

ln qe − ln Kf +

(

1

n

)

lnCe

the adsorption energy distribution, and Kf indicates the 
adsorption capacity [32, 33].

2.8  Applications to incurred samples
The optimized experiment was applied for the puri-
fication of biological finished products of pegylated 
interferon and meningococcal polysaccharide spiked 
with 500,000 EU/mL CBE, and the residual endotoxin 
was measured by chromogenic kinetic assay and the 
%removal of endotoxin was calculated.

3  Results
3.1  Preparation and optimization of dextran‑coated MNPs
Dextran-coated MNPs (DC-MNPs) were successfully 
synthesized by the previously described co-precipitation 
method as a result of the factorial design analysis. The 
preparation method was optimized by studying the effect 
of different factors on the size and PDI of the MNPs 
using DLS as an assessment guiding tool. Two levels of 
each factor were chosen beside one center point to deter-
mine the optimum conditions for preparation. Analysis 
of the fractional factorial design results was conducted 
at 95% confidence level (P < 0.05) using the size and PDI 
as the response factors. A Pareto diagram was used to 
establish conclusions on the relative significance of the 
studied factors as well as the interactions between them 
(Fig. 1). Upon analysis of the experimental data, as shown 

Fig. 1 Pareto chart showing analysis of results of fractional factorial design for preparation of MNPs using Minitab 2010, ver. 16.1.1, the result 
analysis indicated that the concentration of dextran solution had a significant effect on the PDI beside the pH and temperature of incubation, both 
had a significant effect on the PDI
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in Table 1, it was found that the concentration of dextran 
solution had a significant effect on the particle size dis-
tribution (PDI) and solid content of the prepared MNPs. 
The pH and temperature of incubation had a significant 
effect on the PDI (Fig. 1). The selected design experiment 
conditions as shown in run order no. 14 in Table 1 were 
employed to introduce one of the smallest particle sizes 
(59.04  nm) with very acceptable PDI (0.275), and this 
pilot experimental design was used to implement the rest 
of the experiment.

3.2  Characterization of the prepared MNPs
3.2.1  Transmission electron microscope (TEM)
The developed dextran-coated MNPs, when scanned 
through TEM, appeared to be nearly spherical in shape, 
arranged in lattice form as shown in Figs.  2, 3, and 4 
distributed within the dextran matrix with average size 
2–10 nm and aggregated in a cluster form with an aver-
age size range 50–100 nm.

3.2.2  X‑ray diffraction (XRD)
The crystalline nature for dextran-coated MNPs was 
investigated by XRD analysis, and the resulted peaks 
are presented in Fig. 5. There were six diffraction peaks 
(220), (311), (400), (422), (511), and (440). The FWHM 
(full width at half maximum) of the major diffraction 
peak (311) was used to calculate the average particle 
size of the prepared MNPs through the use of Scherrer 

formula [34] as follows: D = 0.9�/β cos θ where � is the 
wavelength of X-ray (0.15405 nm), β is FWHM, θ is the 
diffraction angle, and “D” is the particle diameter.

Table 1 Fractional factorial design for optimization of preparation of MNPs with results showing the selected experiment (run order 
14)

Run order pH Temp Molarity of 
iron salts

Dextran% Time Ammonia% z‑average PdI pk1 area 
intensity%

1 11 60 2:1 20 15 28 51.26 0.467 91.3

2 9 60 2:1 20 60 28 89.71 0.302 93.8

3 11 85 2:1 50 60 28 54.16 0.376 52.5

4 11 85 1:1 20 15 28 82.66 0.643 83.1

5 11 85 1:1 50 15 7.5 104.8 0.371 91.7

6 10 72.5 1:1 35 37.5 17.75 117.6 0.249 100

7 11 60 1:1 50 60 28 70.22 0.27 97.1

8 11 60 2:1 50 15 7.5 92.38 0.26 100

9 10 72.5 2:1 35 37.5 17.75 81.87 0.264 100

10 9 85 2:1 20 15 7.5 89.53 0.308 100

11 9 60 1:1 50 15 28 104 0.229 99

12 9 60 1:1 20 15 7.5 90.15 0.358 85.1

13 9 85 1:1 20 60 28 99.7 0.401 98.8

14 9 85 2:1 50 15 28 59.04 0.275 98.2

15 11 85 2:1 20 60 7.5 493.4 0.533 58.7

16 11 60 1:1 20 60 7.5 115 0.205 100

17 9 85 1:1 50 60 7.5 96.06 0.28 98.8

18 9 60 2:1 50 60 7.5 65.74 0.257 95

Fig. 2 MNPs’ dispersion within dextran matrix explained by TEM with 
magnification scale 100 nm
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3.2.3  Magnetization measurements
The magnetic properties of the developed MNPs were 
investigated using VSM, and the magnetic behavior of 
the MNPs was studied by recording the magnetization 
(M) against the applied magnetic field (G) at room tem-
perature. The analyzed sample revealed masked super-
paramagnetism as shown in (Additional file 1: Fig. S-1). 

The saturation magnetization (Ms) was found to be 
1.2106E−3 emu  g−1.

3.2.4  Dynamic light scattering (DLS)
3.2.4.1 Zeta potential The surface charge of MNPs 
samples was studied using a Zetasizer Nano ZS, at neu-
tral pH. The MNPs obtained a zeta potential value 
of − 12.4 ± − 2.5.

3.2.4.2 Particle size distribution The size of MNPs after 
modification with dextran shell was studied by DLS using 
a Zetasizer Nano ZS; the size of the nanoparticles was 
about 69.55 ± 2.97  nm. Figure  6 reveals only one peak 
with a good PDI value of 0.283 ± 0.0056.

3.2.5  Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectrometry was introduced 
to investigate the effective coupling of the ligand to the 
MNPs. In the FTIR spectrum of dextran-coated MNPs 
(Additional file 1: Fig. S-2), the peak at 3283.5  cm−1 rep-
resented hydroxyl groups [32], while the intense peaks 
at 1636.2 and 1021.12   cm−1 were due to the stretching 
vibration of the (C–O) bond and the band at 2923.3  cm−1 
was attributed to the bending vibration of  CH2 groups 
[35]. The band at around 620   cm−1 appeared due to the 
stretching vibration of Fe–O bond [32]. In the FTIR spec-
trum of pure PMB, the peak at 3408.8  cm−1 represented 
the amino groups and the specific peak at 1635.8   cm−1 
was attributed to the amide functional group [36].

By comparing FTIR spectra of pure PMB and DC-
MNPs to the spectrum of DC-MNP coupled to PMB, the 
relevant peaks of dextran and Fe–O bonds appeared at 
the same positions, without remarkable shifting. In addi-
tion, the peaks of PMB appeared at the same positions 
corresponding to the amino and amide groups and no 
significant shifts were noticed between free PMB and the 
trapped by MNPs [36].

For pure HIS (Additional file  1: Fig. S-3), the charac-
teristic amino group stretching vibration was noticed at 
3330   cm−1, while asymmetric and symmetric stretch-
ing vibrations of the carboxylate group were observed 

Fig. 3 MNPs’ dispersion within dextran matrix explained by TEM with 
magnification scale 50 nm

Fig. 4 MNPs’ dispersion within dextran matrix explained by TEM with 
magnification scale 200 nm

Fig. 5 X‑ray diffraction chart presenting the magnetite characteristic 
peaks
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at 1635 and 1411   cm−1, respectively. By comparing the 
FTIR spectrum of pure HIS to the spectrum of HIS-
coupled DC-MNPs, it was noticed that HIS stretching 
vibrations of the carboxylate group appeared at 1607 and 
1392  cm−1, respectively, and the significant amino group 
stretching vibrations appeared at 3400   cm−1 [37]. The 
relevant peaks of dextran were introduced also without 
shifting [32, 35]. A new peak has arisen around 570  cm−1 
that was assigned to the absorption of stretching vibra-
tion of Fe–O bond [22, 32, 35, 37].

3.3  Adsorption of control bacterial endotoxin 
on ligand‑coupled MNPs and optimization 
of the experimental design

The removal of endotoxin from CBE solution was evalu-
ated using the chromogenic kinetic method through 
the application of the previously mentioned equation 
to calculate the % removal. A fractional factorial design 
was employed using the following factors: ligand type, 
ligand concentration, CBE concentration, pH of incuba-
tion, temperature of incubation, and time of incubation. 
Two levels of each factor were chosen beside one center 
point to determine the optimum conditions for adsorp-
tion. Analysis of the fractional factorial design results was 
performed at 95% confidence level (P < 0.05) using the 
% removal as the response factor. A Pareto diagram was 
employed to introduce conclusions on the relative sig-
nificance of the studied factors as well as the interactions 
between them, while the direction of effects was obtained 
from the normal plot of the standardized effects (Fig. 7). 
The only factor affecting the adsorption process was the 
ligand type as HIS showed that the best % removal result 

was − 85%. The optimized experimental conditions with 
the best %removal are demonstrated in Table 2.

3.4  Chromogenic kinetic assay
The bacterial endotoxin concentrations of the prepared 
CBE and spiked samples of peg-interferon and menin-
gococcal polysaccharide were determined using a com-
mercially available limulus amebocyte lysate (LAL) kit 
according to the method described in European pharma-
copeia monograph 2.6.14 method D [10]. The concentra-
tion of endotoxin in the samples was calculated using a 
standard curve. The coefficient of variation (CV) for the 
two replicates of both the sample and the positive prod-
uct control (PPC) is less than 25%. Spike recovery of PPC 
within the range of 50–200% indicated no significant 
interference of the LAL reagent with the test sample, as 
per the FDA-approved kit specifications (ENDOSAFE®—
PTS/MCS CARTRIDGES).

3.5  Kinetics of adsorption
The kinetic parameters are important to understand the 
adsorption mechanisms and rate-limiting step which are 
useful for designing and modeling commercial applica-
tions [38]. The adsorption capacity was calculated and 
plotted as previously mentioned (Fig. 8), and the kinetics 
study results are demonstrated in Table 3.

The correlation coefficients R2 were used to describe 
the applicability of the adsorption kinetics models. The 
results showed that the adsorption kinetics of endo-
toxin on the ligand-coupled MNPs seems to obey the 
pseudo-second-order kinetic model (R2 = 0.9965 and 
0.9954) for HIS and PMB, respectively (Fig.  9), and the 

Fig. 6 Particle size distribution of DC‑MNPs by DLS showing a particle size of 69.55 ± 2.97 nm with very good size distribution introduced in the PDI 
value of 0.283 ± 0.0056
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pseudo-second-order model seems to fit the data bet-
ter than others as long as it had the most relatively com-
plied value of  Qe calc in comparison with the  Qe expt. 
(Qe calc = 0.2856 and 0.2166  mg/g for HIS and PMB, 
respectively). The R2 values for the pseudo-first-order 
model (Additional file 1: Fig. S-4), intraparticle diffusion 
(Additional file 1: Fig. S-5), and Elovich (Additional file 1: 
Fig. S-6) models presented the lowest among the used 
models.

3.6  Adsorption isotherm
The results of experimental data obtained as demon-
strated in Fig. 10 concluded that the adsorption isotherm 
data are fitting to Langmuir model with R2 value 0.9997 
and 0.9995 for histidine and PMB, respectively, compared 
to the results obtained by Freundlich model as demon-
strated in Additional file  1: Fig S-8 with R2 value 0.964 
and 0.988 for histidine and PMB, respectively [33, 39].

The results also showed that endotoxin was removed 
at a maximum Langmuir adsorption capacity of 38.5 
and 35.7 mg/g for histidine and PMB, respectively, as per 
Table 4.

Fig. 7 Pareto chart of the fractional factorial design done by Minitab 2010, for investigation of factors affecting adsorption process which showed 
significance of the ligand type

Table 2 Fractional factorial design for optimization of adsorption and results analysis

Ligand type Ligand conc. (µg/
ml)

CBE conc. (EU/ml) pH of incubation Temp of 
incubation (°C)

Time of incubation 
(min)

%Removal

HIS 275 500,000 6.5 25 17.5 71.90

PMB 275 500,000 6.5 25 17.5 51.24

HIS 500 250,000 9 2–8 5 67.68

PMB 275 500,000 6.5 2–8 17.5 24.79

HIS 50 750,000 4 25 5 67.35

HIS 500 750,000 9 25 30 40.30

PMB 500 250,000 4 25 5 56.25

HIS 50 250,000 4 2–8 30 62.50

PMB 50 750,000 9 2–8 5 54.76

HIS 275 500,000 6.5 2–8 17.5 85.12

PMB 500 750,000 4 2–8 30 43.88

PMB 50 250,000 9 25 30 65.85
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3.7  Application to incurred samples
The predetermined optimization conditions were 
applied in the purification of Peg-interferon and 
meningococcal polysaccharide vaccine by % removal 
of bacterial endotoxin 81.9 ± 0.2% and 82.6 ± 0.15%, 

respectively, which was followed by a second cycle of 
the experiment for complete removal of endotoxin 
from the tested biological samples. The tested samples 
were finished products spiked with 500,000 EU/ml 
CBE and incubated with 275  mg HIS-coupled MNPs 

Fig. 8 Adsorption capacity showing (qe calc = 0.2856 and 0.216642 mg/mL for histidine and PMB, respectively)

Table 3 Experimental kinetics models

Pseudo‑first order
qe expt qe calc k1 R2

HIS 0.272 0.046 0.379 0.967

PMB 0.205 0.050 0.437 0.959

Pseudo‑second order
qe expt qe calc k2 R2

HIS 0.272 0.285 0.063 0.996

PMB 0.205 0.216 0.043 0.995

Elovich
qe expt qe calc β R2

HIS 0.272 0.060 0.017 0.972

PMB 0.205 0.046 0.008 0.972

Intraparticle diffusion
qe expt qe calc kip R2

HIS 0.272 0.025 0.059 0.850

PMB 0.205 0.020 0.040 0.856
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for 17.5  min at 2–8  °C with retained pH at 6.5. The 
endotoxin concentration was assessed by chromogenic 
kinetic assay before and after incubation with the HIS-
coupled MNPs to calculate the % removal.

Fig. 9 Pseudo‑second‑order kinetics for histidine and PMB

Fig. 10 Fitting of isotherm data to Langmuir model for both histidine and PMB

Table 4 Langmuir model isotherm

HIS PMB

R2 0.9998 0.9995

Q0 38.4615385 35.7142857

B 0.075 0.102
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4  Discussion
Traditional methods of purification were previously 
employed to purify biologics from acquired endotoxin 
contamination [8, 9, 13–15]. Meanwhile, a lot of draw-
backs were noticed as described before, including limited 
capacity and selectivity, expensive and complex proce-
dures, and consumption of high time besides owing low 
yield.

In this study, the traditional drawbacks were over-
come through the synthesis of magnetic nanoparticles 
as described above by a simple method and dextran was 
selected as a biocompatible coat as per its valuable char-
acteristics over various types of coating materials. The 
developed magnetic nanoparticles were then coupled to 
either PMB or HIS and were challenged for their adsorp-
tion potential in purifying biologics from acquired endo-
toxin contamination as well as studying their adsorptive 
kinetics.

4.1  Preparation and optimization of dextran‑coated MNPs
DLS is the most powerful analytical tool that can give 
direct hydrodynamic size information of the MNPs in 
addition to its unique feature in monitoring the colloidal 
stability of MNPs’ suspension [40]. The PDI is a critical 
parameter for describing the degree of non-uniformity 
(heterogeneity) of the size distribution of these parti-
cles. Values of 0.4 and below are the most commonly 
acceptable results in practice for nanoparticle materials 
[41]. The significant effect on the particle size distribu-
tion (PDI) and solid content of the prepared MNPs may 
be explained as dextran protected MNPs from aggrega-
tion by providing repulsive electrostatic and/or steric 
interactions worked against the attractive van der Walls 
forces between MNPs [42]. As well, the results mani-
fested that by adjusting the weight ratio of dextran to 
iron oxide to be more than 2.5, the diameter of nanopar-
ticles decreased remarkably to be less than 50  nm and 
the solid content was enhanced. The reason behind this 
may be attributed as when the weight ratio of dextran to 
iron oxide is larger enough, more MNPs were modified 
by dextran, so the DC-MNPs are not easy to aggregate 
which in turn enhanced their stability and biocompat-
ibility and promoted their suitability for biological appli-
cations [42]. The pH factor has a strong influence on the 
shape and mean size of MNPs components and also their 
size distribution. High pH motivates the MNPs to have 
a more spherical shape and more iron content besides a 
uniform size distribution with smaller size. The forma-
tion of MNPs looks like seed-mediated growth [43]. The 
temperature factor plays an important role in retaining 
the size distribution of MNPs with the same trend, which 
is assigned to the fact that the critical nucleus size was 

larger at elevated temperature, and hence MNPs have a 
broader size distribution at the higher temperature [42, 
44].

4.2  Characterization of the prepared MNPs
4.2.1  Transmission electron microscope (TEM)
It seems from the figures that increasing the concentra-
tion of the dextran coat to 50% w/v has caused the clus-
tering of the MNPs within the matrix [22, 32]. Repulsive 
forces in between prevented the MNPs from sedimen-
tation due to their well dispersion in the dextran matrix 
[32]. Figures 2, 3, and 4 demonstrate that the dark areas 
represented the iron oxide particles, while the lighter 
represented the polysaccharide structure [32]. The results 
complied with the previous results mentioned in the pre-
liminary DLS screening in Sect.  3.1, and the literature 
regarding the dextran coating decreases the diameter 
of the resulted MNPs and prevents their agglomeration 
[22], the long-chain dextran polymer acts as surfactant 
coating to preserve an intermolecular space between the 
particles, thus maintaining their well dispersion [45].

4.2.2  X‑ray diffraction (XRD)
The resulted diffraction peaks were reported to be char-
acteristic for single-phase spinel structure of magnetite 
nanoparticles [32, 46].

The Scherrer’s equation revealed an average particle 
diameter around 5.51  nm which was aligning with the 
results mentioned after the TEM analysis of the devel-
oped MNPs in part (3.2.1).

4.2.3  Magnetization measurements
The reported phenomenon was attributed to the high 
molecular weight of the dextran and the weight ratio of 
dextran to iron oxide in the MNPs [32]; as long as the 
density of the dextran shell increased, the magnetism was 
decreased [35].

4.2.4  Dynamic light scattering (DLS)
4.2.4.1 Zeta potential Zeta potential measurement 
evaluates the surface charge of nanoparticles and can be 
indicative of the extent of their stability [35]. The negative 
value of zeta potential for MNPs is due to the existence of 
 OH− groups on the surface of MNPs [32, 35]. The reduc-
tion in surface charge accompanied with dextran coat-
ing can be believed as the evidence of hydrogen bonding 
between the  O− groups of dextran with a hydroxyl group 
of MNPs [35].

4.2.4.2 Particle size distribution The result indicates 
that the effectiveness of dextran coating in shielding 
MNPs from aggregation consequently results in high 
dispersal capability of MNP with a uniform size distri-
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bution [35]. The particle size obtained by DLS was larger 
than that obtained by TEM because the MNPs do not 
exist individually but aggregate with the entanglement 
of long chains of dextran [22, 47]. This result was aligned 
with the result obtained by TEM imaging that disclosed 
the role of dextran in protecting MNPs in their cluster 
form from agglomeration and revealed that the devel-
oped particles were retained in the nano-range even 
after being clustered [45].

4.2.5  Fourier transform infrared spectroscopy (FTIR)
The FTIR explanation has demonstrated that dextran 
was successfully coated on the surface of iron oxide 
particles through van der Waals force, hydrogen bond, 
and electrostatic interactions, which led to the effective 
coupling of PMB and HIS to the functionalized MNPs 
[22, 36, 37].

4.3  Adsorption of control bacterial endotoxin 
on ligand‑coupled MNPs and optimization 
of the experimental design

Removal of endotoxin by both PMB- and HIS-coupled 
MNPs was accounted for synergistic hydrophobic and 
electrostatic interactions. Both ligands owned cationic 
and hydrophobic portions [2, 16]. PMB acts preferably 
in the pH range (6.0–10.0), and HIS acts in the pH range 
(4.0–9.0) [48]. Both ligands react successfully in solu-
tions of ionic strength (μ) up to 0.5 after which dilution 
is required to retain the adsorption efficiency. HIS has 
exceeded PMB by overcoming its toxic effects upon acci-
dental release from the removal system [8, 16].

4.4  Kinetics of adsorption
Pseudo-second-order kinetic model assumes that the 
chemisorption process may be the rate-limiting step in 
adsorption processes, which also depends on the avail-
ability of vacant binding sites on the adsorbent. It has 
been reported that the pseudo-first-order model fits 
better the adsorption in the early stage, but not the 
whole adsorption process [49]. Moreover, the nonlin-
earity of the intraparticle diffusion model indicates that 
the process is “complex” and multiple processes are 
limiting the overall adsorption rate [31].

It was reported that a bimolecular binding step is 
initiated relatively sterically unrestricted so that the 
amphipathic PMB molecule can be adopted in vari-
ous orientations to bind the lamellar phase of BE. This 
is followed by a reorientation unimolecular step, most 
likely corresponding to a conformational change caused 
by the insertion of the hydrophobic portion of PMB 

into the nonpolar interior of the BE lamellar phase as 
shown in Additional file 1: Fig. S-7 [7].

Different peptides, mimic of PMB interactions, had 
a tendency for binding BE reasonably well, especially 
when owing asymmetric distribution of the hydropho-
bic and positively charged residues [7].

4.5  Adsorption isotherm
Langmuir isotherm model is based on the monolayer, 
homogeneous, and uniform energy on an adsorbent 
surface [39]. The previously mentioned results could be 
explained by uniform distribution of binding sites on the 
adsorbent NPs. Upon studying the Freundlich results, 
it can be clarified that 1/n values lied below one as per 
Table 5, which favors the chemisorption process assump-
tion that was previously discussed in the adsorption 
kinetics.

5  Conclusions
Powerful magnetic nanoparticles were successfully syn-
thesized using simple co-precipitation method and 
effectively coupled to PMB and HIS. Fractional facto-
rial design was employed to optimize the preparation 
conditions and revealed that the significant factors were 
the concentration of the dextran solution and the com-
bination between the pH and temperature of incuba-
tion. Fractional factorial design approach was also used 
to figure the applicability of endotoxin adsorption on the 
developed magnetic nanoparticles efficiently and to opti-
mize the adsorption conditions as well. The adsorption 
kinetics was found to be fitting to pseudo-second-order 
model, and the adsorption isotherm study was found to 
be fitting to Langmuir model. The experimental study 
has introduced a new application for MNPs guiding the 
producers of biological products to improve their manu-
facturing process by granting a comprehensive, sensi-
tive, and selective tool for purification of biologics from 
process-acquired endotoxin through the prepared ligand-
coupled MNPs. It confirmed its ability on a pilot-scale 
application; meanwhile, future studies are needed to 
prove that the preparation is effective during the scale-up 
of the manufacturing process of biologics.

Table 5 Freundlich model isotherm

HIS PMB

R2 0.9643 0.9878

Kf 2.48 1.64

1/n 0.18 0.35
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Additional file 1: Figure S‑1. VSM chart for the prepared MNPs showing 
saturation magnetization (Ms) 1.2106E‑3 emu  g−1. Figure S‑2. FTIR chart 
of pure dextran‑coated MNPs (a), pure PMB (b) and dextran‑coated MNPs 
coupled to PMB (c), respectively; analysis was carried out in transmission 
mode following dispersion into KBr (potassium bromide). Figure S‑3. 
FTIR chart of pure histidine (a), dextran‑coated MNPs coupled to histidine 
(b), respectively; analysis was carried out in transmission mode following 
dispersion into KBr. Figure S‑4. Pseudo‑first‑order kinetics for histidine 
and PMB. Figure S‑5. Intraparticle diffusion model for histidine and PMB. 
Figure S‑6. Elovich model for histidine and PMB. Figure S‑7. Proposed 
model for binding of PMB to BE showing bimolecular binding step, in the 
first step PMB molecule binding to the lamellar phase of BE followed by a 
unimolecular step most likely corresponding to a conformational change 
caused by the insertion of the hydrophobic portion of PMB into the 
nonpolar interior of the BE lamellar phase. Figure S‑8. Isotherm study by 
Freundlich model for both histidine and PMB.
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